Metformin is an old and widely accepted first-line drug for treating type 2 diabetes. Our previous studies demonstrate that metformin can stimulate the osteo/odontogenic differentiation of human-induced pluripotent stem cell-derived mesenchymal stem cells and human dental pulp cells (DPCs). Due to the rapid dilution of metformin from the defect area, the aim of this study was to develop a drug delivery system with controlled release of metformin to promote cell viability and odontogenic differentiation of DPCs favoring dentin regeneration. Calcium phosphate cement (CPC) containing chitosan and metformin as a scaffold was synthesized. DPCs were seeded onto the scaffold, and the viability and proliferation were evaluated at several time points. For osteogenic differentiation analysis, alkaline phosphatase (ALP) activity was tested, cells were stained with Alizarin Red, and the expression of odontogenic markers was evaluated by real-time polymerase chain reaction. DPCs remained viable and attached well to the CPC-chitosan composite scaffold. Moreover, the addition of metformin to the CPC-chitosan composite did not adversely affect cell proliferation, compared to that of CPC control. Our data further revealed that the novel CPC-chitosan-metformin composite enhanced the odontogenic differentiation of DPCs, as evidenced by higher ALP activity, elevated expression of odontoblastic markers, and strong mineral deposition. These results suggest that the new CPC-chitosan-metformin composite is a highly promising scaffold with the potential for tissue engineering applications including dentin regeneration.
Introduction
Dental pulp is often damaged by cariogenic infection, mechanical trauma, and clinical operative procedures. A conventional endodontic treatment for infected pulp tissues is root canal therapy, which involves the extirpation of the inflammatory pulp, but will decrease the fracture toughness and infection-resistance of the residual tooth because of malnutrition [1] . Dental pulp regeneration is one of the most promising therapeutic strategies, which would promote the repair of the pulp-dentin complex and improve the patient's life quality [2] . Notably, as biotechnology has progressed, there have been several attempts to establish new methods to better control the parameters of regenerative endodontic treatment procedures using tissue engineering strategies [3] .
Tissue engineering is fundamentally based on the interaction among progenitor cells, biochemical molecules, and three-dimensional scaffold materials [4] . Human dental pulp cells (DPCs) as progenitor cells are an excellent cell source for dentin regeneration. DPCs are easy to harvest from donors including children losing their primary teeth and teenagers having their wisdom teeth removed, which are otherwise discarded as medical waste [5, 6] . In addition, DPCs are capable of odontogenic differentiation to form the dentin-pulp complex in dental pulp tissues [7, 8] . Biochemical factors are critical signalling molecules that instruct the DPCs to achieve pulp regeneration. Our previous studies demonstrated that the small molecule compound metformin has osteo/odontogenic effects by promoting the differentiation of human-induced pluripotent stem cell-(hiPSC-) derived mesenchymal stem cells (MSCs) and DPCs [9, 10] . Although metformin is important for the differentiation of DPCs with its ability to enhance odontogenic differentiation, the application of metformin was limited in dentin regeneration because of its rapid dilution from the defect area leading to inefficient tissue formation [11] . Therefore, it is important to achieve sustained local release of metformin to the dental pulp exposure site.
Several studies have incorporated growth factors into calcium phosphate cement (CPC) [12] [13] [14] . However, the strength of the protein-releasing CPC was significantly lower than that without proteins [15] . Our previous studies have shown that a reinforced CPC composite containing chitosan is an effective carrier and delivery vehicle for proteins [13] because chitosan can provide good mechanical strength and toughness to the scaffold [16] . However, to date, there has been no report of developing a CPC-chitosan-metformin composite. Therefore, the aim of this study was to develop a novel CPC-chitosan-metformin composite and investigate its effect on cell viability, proliferation, the expression of odontogenic genes, and mineral matrix deposition. The results of our study will provide a foundation for the future use of CPC-chitosan-metformin composite for cell-based dentin and other tissue regeneration therapies. 4 ). Briefly, TTCP powder was formed via the solidstate reaction of DCPA and CaCO 3 (both from J. T. Baker, Phillipsburg, NJ), which were mixed and heated in a furnace (Lindberg, Watertown, WI) at 1500°C for 6 hours. The heated mixture was quenched to room temperature in a desiccator and then ground in a ball mill (Retsch PM4, Brinkman, NY) to obtain particles with a 5 μm median particle size. DCPA was ground in ball mill with 95% ethanol to obtain a powder with a median particle size of 1 μm. TTCP and DCPA were mixed at 1 : 3 molar ratio to form the CPC powder. The CPC liquid contained water and chitosan. Chitosan is a natural polymer and is often used as scaffold in bone tissue engineering because of its biocompatibility, low toxicity, and degradability by enzymes [17] . First, 10, 30, and 50 μg of metformin were, respectively, dissolved in water. Second, chitosan lactate was mixed with water containing various doses of metformin and dissolved in water at chitosan/(chitosan + metformin + water) mass fraction of 15% to form the CPC liquid. The 15% mass fraction was used because it yielded a good strength for CPC in a previous study [13] . Third, CPC paste was formed by mixing the sterile CPC powder with the CPC liquid at a CPC powder to liquid ratio of 3 to 1 by mass. The paste was placed in a mold with a diameter of 10 mm and a thickness of 1 mm and incubated in a humidor for 24 hours at 37°C. Five groups of specimens were thus fabricated:
Materials and Methods
(1) CPC + 0% chitosan (CPC control) 2.3. Cell Culture. DPCs were isolated and characterized as described previously [20] . Dental pulp tissues were obtained from explants of clinically healthy dental pulps from human adult third molars that were removed from individuals undergoing tooth extraction for orthodontic treatment. The procedure was approved by the Institutional Review Board of the University of Maryland Baltimore. Briefly, pulp tissues were minced and digested in a solution of 3 mg/mL of collagenase type I and 4 mg/mL dispase for 30-60 min at 37°C. Cell suspension was obtained by passing the digested tissue through a 70 μm cell strainer. The cells were pelleted and seeded in culture dishes and incubated in α-MEM supplemented with 20% FBS, 100 units/mL penicillin G, 100 mg/mL streptomycin, and 50 mg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO) at 37°C in 5% CO 2 . Nonadherent cells were removed 48 h after the initial plating. The medium was replaced every 3 days. When primary culture became subconfluent after approximately 1-2 weeks, cells were collected by trypsinization and subcultured at 5000 cells per cm 2 in growth medium. 2.5. Cell Viability Assays. DPCs were seeded on a disk with a diameter of 10 mm and a thickness of 1 mm in 24-well plates at a cell seeding density of 1.5 × 10 5 cells/well. At 1 and 7 days, cells were stained by live/dead viability assay kit (Invitrogen, Carlsbad, CA) as previously described [21] . Cells were washed with PBS, followed by incubation with the dye. Live cells were stained green with 2 mM calcein AM and dead cells were marked red with 4 mM ethidium homodimer-1 (EthD-1), and they were examined using epifluorescence microscopy (Eclipse TE2000-S, Nikon, Melville, NY). The percentage of live cells and the live cell density were calculated as previously described [21] .
2.6. Cell Proliferation Assays. Cell proliferation was measured by the Cell Counting Kit-8 assay (CCK-8, Dojindo, Tokyo, Japan). DPCs were seeded on disks with a diameter of 10 mm and a thickness of 1 mm in 24-well plates at a density of 1.5 × 10 5 cells/well, and cells were incubated for 1, 3, 5, and 7 d at 37°C and 5% CO 2 . The culture medium was replaced with fresh medium every 2 days. At each time point, a total of 450 μL of DMEM and 50 μL of CCK-8 solution were added to each well and incubated for 2 h. After this incubation, 100 μL of the supernatant was transferred into a 96-well plate and read at 450 nm using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA) according to the manufacturer's protocol. At least three independent experiments were performed, each of which was performed in triplicate.
2.7. ALP Assay. Cells were seeded at a density of 1.5 × 10 5 cells/well with CPC scaffold in 24-well plates. ALP activity was measured at 1, 7, and 14 d using an ALP kit (Wako, Tokyo, Japan) following the manufacturer's instructions. Samples were washed twice in PBS before adding 0.5 mL cell lysis buffer containing 0.2% Triton X-100 (Sigma-Aldrich) with 10 mM Tris (pH 7.0) and 1 mM EDTA (Sigma-Aldrich) onto the CPC disks. They were incubated for 20 minutes and transferred to −80°C freezer for 30 minutes and thawed at room temperature for 30 minutes. The freeze-thawing procedure was performed twice to lyse cells and collect all the ALP samples. Finally, the test sample was transferred to a 96-well plate, and its activity was measured at 520 nm concurrently with standard samples. The ALP activity was calculated against the total cellular protein concentrations to obtain [pNpp (μM/min)]/[Protein (mg)]. The amount of protein in each sample was measured by a BCA protein assay kit (Thermo Scientific, Waltham, MA). For the ALP activity assays, each sample was performed in triplicate and the results were repeated in at least three independent tests.
Reverse Transcriptase PCR (RT-PCR) and Real-Time Quantitative PCR (qPCR).
The expression levels of dentin sialophosphoprotein (DSPP), dentin matrix protein-1 (DMP-1), runt-related transcription factor-2 (Runx2), and osteocalcin (OCN) mRNA were determined by SYBR green real-time reverse transcription-PCR (RT-PCR) as previously described [22] [23] [24] . Total RNA was extracted using Trizol reagent. Quantitative determination of RNA levels was performed in triplicate in three independent experiments. Real-time PCR and data collection were performed with an ABI PRISM 7500 sequence detection system. The housekeeping gene GAPDH was used as an internal control to normalize the expression levels of different genes. For each primer set, the melting curves were performed to ensure that a single peak was produced. The data for gene expression were analyzed using the △△Ct method. The primers used for the amplification of the indicated genes are listed in Table 1 .
Alizarin Red Staining (ARS) of Mineral Synthesis by
DPCs. ARS was performed to evaluate the mineralization by DPCs [25] . At days 1 and 21, disks were fixed using 10% To quantify the mineral deposition, the stained minerals were dissolved by 10% cetylpyridinium chloridemonohydrate, then the extracted stain was transferred to a 96-well plate. The absorbance at 562 nm was measured using a microplate reader, as previously described [26, 27] .
Statistical Analyses.
Statistical analysis was performed with one-way analysis of variance (ANOVA), followed by post hoc LSD (least significant difference) tests using the Statistical Package for the Social Sciences (SPSS 20.0). All data were expressed as mean ± standard deviation (SD). Kolmogorov-Smirnov test and Levene's test were first performed to confirm the normality and equal variance of the data. A P < 0 05 was considered statistically significant.
Results

Identification of Stem Cell Phenotypic Markers in Primary
DPCs. STRO-1 + , CD29 + , CD90 + , and CD105 + have been shown to exhibit mesenchymal stem cell (MSC) properties, and these markers have been used to identify DPCs [28] . The surface markers of DPCs were analyzed by flow cytometry. Consistent with other MSCs, the majority of DPCs were negative for CD34 and CD45. The culture population con- Then, the CPC continued to release metformin at a sustained rate during the next 21 days (Figure 2 ). The release amount was related to the initial loading concentrations of metformin. Based on the initial burst release of metformin and followed by continuous release, the 50 μg metformin was selected in all further experiments. These results showed that metformin release from CPC-chitosan scaffold was sustained and relatively long lasting, to meet the requirement of a drug carrier to last for 2-3 weeks in order to stimulate the odontogenic differentiation of DPCs.
Viability and Cell Proliferation of DPCs on CPC Scaffold.
Representative live/dead staining images are shown in 
Figure 3(a). There were numerous live cells (stained green) and a few dead cells (stained red)
. The cell number increased from day 1 to day 7 due to proliferation. In Figure 3 (b), the percentages of live cells on CPC control, CPC + CN control, and CPC + CN + 50Met groups were greater than 89% and were not significantly different from each other (P > 0 05). As shown in Figure 3 (c), the live cell density increased with time due to proliferation, with no significant difference among the three groups (P > 0 05). The OD value suggests that there were no significant differences in the cell proliferation for the three groups (P > 0 05) (Figure 3(d) ). Overall, no noticeable difference was observed among the three groups, indicating that the metformin in the CPC scaffold was not cytotoxic to DPCs.
3.4. Alkaline Phosphatase (ALP) Activity. The ALP activity of DPCs is plotted in Figure 4 . The addition of metformin to CPC resulted in a significant increase in ALP activity compared to CPC control and CPC + CN control. The ALP activity of CPC containing no chitosan was similar to that of CPC + CN control (P > 0 05), indicating that the addition of chitosan to CPC had no effect on ALP activity. These results demonstrate the great potential of DPCs + CPC + metformin construct as an ideal "stem cell-scaffold-small molecule" system for dentin regeneration.
Odontogenic Differentiation.
To further investigate the effects of CPC containing metformin on odontogenic differentiation of DPCs, the DPC odontogenic differentiation in the three groups was evaluated. Metformin significantly increased the mRNA expression of odontoblastic gene markers, including DSPP, DMP-1, Runx2, and OCN mRNA ( Figure 5 ).
3.6. Mineralization by DPCs. Next, we investigated the formation of mineralized nodules, an index of terminal odontoblastic differentiation, in DPCs after 21 days of incubation with metformin. The mineralized extracellular deposits produced by DPCs on scaffold surfaces are shown in Figure 6 (a). The staining of the synthesized bone mineral matrix became denser and darker, reflecting that the mineral synthesis was increased significantly from day 1 to 21. Data from the cetylpyridinium chloride monohydrate are plotted in Figure 6 (b). For each group, the mineral amount synthesized by the cells increased dramatically from day 1 to 21 (P < 0 05). These results indicate that CPC + CN + 50Met had the greatest bone mineral synthesis by the cells than other groups (P < 0 05).
Discussion
DPCs were selected as suitable MSCs for dentin regeneration, mainly for the treatment of pulp exposures [29] . Although bone marrow MSCs have become the main cell source for bone tissue engineering [30] , bone marrow donation is an invasive surgical procedure. Previous studies demonstrated the high capacity of DPCs for odontogenic differentiation and potential to form dentin-pulp complexes when transplanted into immunocompromised mice [31] . These cells exhibited high proliferation rate, great differentiation potential, and expression of mesenchymal and embryonic stem cell markers. In the present study, DPCs strongly expressed MSC markers, indicating that DPCs maintained the stem cell characteristics and may have a high capacity for differentiation.
Currently, the application of tissue engineering concepts for the development of biodegradable scaffolds capable of driving dental pulp cell migration and differentiation has been the focus of dentin regeneration [32] . Loading scaffolds with small molecule compounds to facilitate tissue regeneration has already been studied and reported in the tissue engineering literature. CPC has been increasingly used in dental, craniofacial, and orthopaedic repairs as bone graft substitutes [33] . However, its use is limited by the relatively poor strength properties. It has been reported that chitosanbased scaffolds showed no cytotoxicity toward various cell types [34] . Chitosan incorporation into CPC could improve the load-bearing capability of the scaffold. For example, in a previous study, the CPC-chitosan scaffold had a flexural strength of (19.5 ± 1.4) MPa, higher than the (8.0 ± 1.4) MPa of CPC control without chitosan [35] . In addition, several studies indicated that metformin has osteogenic effects by promoting the differentiation of MSCs and preosteoblasts [36, 37] . Therefore, in our current study, metformin was added to the chitosan solution, which was then mixed with CPC powder to form the CPC paste. The release profile from CPC in 10, 30, and 50 μg concentration of metformin per specimen displayed a sustained manner up to 21 days. Nevertheless, there was a significantly smaller amount of metformin released from 10 μg and 30 μg specimens, compared to the 50 μg specimens. The sustained release of metformin from these specimens was likely due to the distribution of metformin into chitosan, whereas the initial burst release was likely due to the binding of metformin to the CPC surface. Furthermore, the bioactivity of the released metformin is very important; our results showed that the cell viability at 1 day and 7 days was similar for all CPC-based materials. Live cell density for all CPC-based materials was also similar. Therefore, CPC + CN and CPC + CN + 50Met did not adversely affect the cell proliferation when compared with CPC control, which was approved by the FDA for craniofacial repairs. Hence, by comparing with the results of previous studies [16] , our current study showed an acceptable biocompatibility for CPC-metformin.
After confirmation of the effects of metformin on DPC viability and cell proliferation, we examined the odontogenic differentiation ability of cells seeded on CPC-chitosan scaffolds with and without metformin. ALP activity is most often used as an early marker of odontoblastic differentiation [38] and plays an important role in cell mineralization. In the current study, the CPC + CN + 50Met construct yielded a significantly higher ALP activity than the CPC control and CPC + CN control. Consistent with this finding, more mineralized nodules were also observed in DPCs cultured with CPC + CN + 50Met group at the late stage of odontogenic differentiation.
Moreover, the gene expression levels of the related odontogenic gene markers such as DSPP, DMP-1, Runx2, and OCN were measured to elucidate the effects of the CPC + CN + 50Met composite on the odontogenic differentiation in vitro. DSPP was originally thought to be a dentinspecific marker. Although several studies have also indicated its expression in bone [39, 40] , DSPP remains to be an important marker for odontogenic differentiation. In addition, DMP-1 is a key regulator of odontogenic differentiation and the formation of mineralization and the dentin tubular system [41] . Furthermore, Runx2, of the runt domain gene family, is a key transcription factor that controls bone and tooth formation by regulating the osteo/odontogenic differentiation [42, 43] . Moreover, OCN can be released by Figure 5 : DPC odontogenic differentiation on CPC control, CPC + CN control, and CPC + CN + 50Met. The mRNA expression levels of DSPP, DMP-1, Runx2, and OCN were determined using qRT-PCR. The mRNA expression levels of DSPP, DMP-1, Runx2, and OCN significantly increased in the CPC + CN + 50Met compared with the CPC control and CPC + CN control ( * P < 0 05). GAPDH was used as an internal control. Data represent mean ± SD of three independent experiments with triplicates. odontoblasts and is present in the dentin matrix, and it is also used as a reparative molecule within the dental pulp [44] [45] [46] . In the present study, DSPP, DMP-1, Runx2, and OCN mRNA levels were all upregulated in DPCs cultured with the CPC + CN + 50Met group. However, no effect was observed by metformin on the mRNA level of OCN during the early stages of treatment. These results may be attributed to the fact that OCN was expressed at the later stage of cell mineralization [47] . These results suggest that metformin can be considered to be a potential biochemical factor for odontogenic differentiation of DPCs when cultured in CPC-chitosan scaffold. However, the present work possesses several limitations. The accurate and quantitative control of metformin release from scaffolds is difficult. There are controversies surrounding even well-investigated small molecules, and studies based on different models often yield different results [48, 49] . Thus, a further in-depth investigation should be performed to identify the mechanism of metformin on odontogenesis stimulation at the molecular level. In addition, further in vivo experiments should also be performed using an animal model to demonstrate dentin and other tissue regeneration for future clinical applications.
Conclusions
The present study showed for the first time that the incorporation of metformin into CPC-chitosan composite significantly enhanced odontogenic differentiation of DPCs, without negatively altering the cell viability and proliferation. CPC-chitosan composite scaffold is promising to be a moderate load-bearing matrix for cell delivery [35] and dentin regeneration, with the potential to serve as a delivery vehicle for metformin to promote the regeneration of dentin as well as other types of tissues. These findings will provide critical insights towards the future use of DPCs/ chitosan/metformin combinations in dentin pulp and other tissue engineering applications.
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